Abstract. New observations and derived chemical abundances are reported for a sample of 57 bulge planetary nebulae (PN). Together with our previous results, a total of over a hundred objects have been analyzed, which constitute one of the largest samples of bulge nebulae studied under homogeneous conditions, including equipment and reduction procedures. In general, our data show a good agreement with some recent results in the literature, in the sense that the average abundances of bulge PN are similar to those from disk objects, however showing a larger dispersion.
Introduction
In the past few years, many papers have been published dealing with the kinematics and abundances of the galactic bulge. Most of these works on bulge abundances are concerned with heavy elements produced by supernovae, so that light elements such as helium and nitrogen have had a smaller share of attention.
Planetary nebulae (PN) constitute an important tool in the study of the chemical evolution of the bulge, providing accurate determinations of the abundances of light elements produced by progenitor stars of different masses. In fact, PN offer the possibility of studying both light elements produced in low mass stars, such as He and N, and also heavier elements which result from the nucleosynthesis of large mass stars, such as oxygen, sulfur and neon, which are present in the interstellar medium at the stellar progenitor formation epoch.
Previous determinations of chemical abundances of bulge PN have shown that, on average, these objects have abundances similar to disk planetary nebulae (Escudero & Costa 2001 , Liu et al. 2001 , Cuisinier et al. 2000 , Costa & Maciel 1999 , Ratag et al. 1997 . However, the total number of bulge PN with accurate abundances is still small; furthermore, a correlation between the chemical abundances and bulge kinematics is still to be determined, in contrast with the observed properties of the galactic disk.
Send offprint requests to: A.V. Escudero ⋆ Based on observations made at the European Southern Observatory (Chile) and Laboratório Nacional de Astrofísica (Brasil) In the present paper, we report new observations and derive chemical abundances for a sample of 57 bulge PN. These results are compared with previous data from our own group and other groups as well, both regarding the galactic bulge and other galactic systems, such as the galactic disk and halo.
In section 2 we present our new observations for a sample of bulge PN and comment on the reduction procedure. In section 3 we present our method to derive the chemical abundances. A discussion of the main uncertainties of the physical parameters is given in section 4. A comparison of our results with published data is given in section 5, and in section 6 we discuss our results an present our main conclusions.
Observations and data reduction

Observations
In this work we present results for 57 new PNe, extending and completing a previous paper (Escudero & Costa 2001) , in which we have presented our results for a sample of 45 objects toward the galactic bulge.
The objects were selected according to their distances, taken from the literature (Schneider & Buckley 1996 , van de Steene & Zijlstra 1995 and Zhang 1995 , adopting as probable bulge objects those with heliocentric distances greater than 5 kpc. In spite of the sometimes larger uncertainties for these distances, this is still the best homogeneous criterion to define the sample. Other criteria like diameters, Hβ or radio fluxes are even less reliable. It should be noted that in this paper we did not use the This Work -Sample 1 Literature Fig. 1 . Distance distribution for our sample a (objects with heliocentric distances greater than 5 kpc) and objects from the literature.
same criterion used by Escudero & Costa (2001) , where all objects towards the bulge from Beaulieu et al. (1999) and Kohoutek (1994) were observed. These objects do not have distance determinations, but as most of them have diameters smaller than 20", they should be at or near the bulge according to the criteria of Gathier et al. (1983) . Adopted distances are listed in table 3. We divided our sample in two samples: those with heliocentric distances greater than 5 kpc (Sample 1), and those with heliocentric distancies smaller than 5 kpc or unknown (Sample 2). Figure 1 displays the distance distribution for our Sample 1 objects, combined with objects chosen from the literature (see section 5 for detailed references). Adopting these distances and the criteria mentioned above we would expect some 80 % of the sample to be in the galactic bulge, a fraction similar to the estimates given by Pottasch (1990) , to which the reader is refered for a detailed discussion on the characterization of galactic bulge PN.
The program objects were observed with two telescopes: 1.60m LNA (Laboratório Nacional de Astrofísica, Brasópolis -Brasil), and 1.52m ESO (European Southern Observatory). Each object was observed at least twice in order to secure good final spectra. We selected the exposure time for each object in order to have a good S/N in the region of the Hγ line, due to the importance of the [OIII] λ4363 line in the temperature diagnostics.
For all objects, we used the long slit of 2 arcsecs width. At LNA we used a 300 l/mm grid with 4.4 A/pix dispersion, and at ESO the used grid was 600 l/mm with 2.4 A/pix dispersion. Each night at least three spectrophotometric standard stars were observed to improve the flux calibration. Table 1 list the PN G designation (first column), the usual names of the observed objects (column 2), equatorial coordinates for epoch 2000 (columns 3 and 4), date of observation (column 5), observatory (column 6) and the exposure time in seconds (last column). For some objects, spectra were taken with different exposure times: a short exposure to measure the Balmer series lines (and therefore to derive interstellar extinction), and a longer exposure (usually with Hα saturated) to measure the fluxes of lower intensity lines. Figure 2 shows typical spectra from our sample. The upper panel shows M 3-26, an object with well defined lines, and the other shows KFL 4, a poorer object, observed with lower resolution.
Interstellar Extinction
The application of the extinction curve of Fitzpatrick (1999) had better results than the use of the curve of Cardelli et al. (1989) figure 3 , where both distributions are plotted. Is easy to see that the distribution of Hγ/Hβ ratios calculated with the Fitzpatrick curve is narrower and that its center is closer to the theoretical value of 0.47.
In order to bring the value of Hγ closer to the recombination value using the CCM curve, it would be necessary to use a value of the ratio of total to selective absorption R V higher than 6.0, which is extremely large and inconsistent with the value determined by Stasińska et al. (1992 (Köppen et al. 1991 , Stasińska et al. 1998 ) who expected that some of the objects lacking O[III]λ4363 might be the most metal rich.
In this work we have used the Fitzpatrick (1999) extinction curve, deriving E(B-V) from the observed Balmer ratio Hα/Hβ and adopting the theoretical value Hα/Hβ = 2.85, with R V = 3.1. Figure 4 displays the distribution of E(B-V) derived for Sample 1 (see section 2.1) compared with data from the literature and from Escudero & Costa (2001) . It can be seen that the distribution for the present data agrees well with our previous work, and is in reasonable agreement with data from the literature, which are on average nearer the galactic center. 
Determination of chemical abundances
Physical parameters
The quality of the physical parameters is crucial for a good derivation of chemical abundances, as line emissivities of the ions are extremely sensitive to the electron temperature and density of the nebulae. For the determination of electron temperatures we used the following line ratios for oxygen and nitrogen:
[OIII]λλ4363,5007 and [NII]λλ5755,6584, from which we can obtain estimates of the electron temperature for high and low ionization regions. The electron density was derived from the sulfur line ratio [SII]λλ6716,6731, giving therefore an average value for the whole nebula. Excitation classes were also defined for the object following the Webster (1988) criterium. For each nebula the Hβ surface flux was calculated using the derived Hβ flux and the fraction of the nebula within the slit.
In arcsec −2 ), the interstellar extinction E(B-V) (column 6), the electron density in 10 3 cm −3 (column 7), the electron temperatures in 10 4 K (columns 8 and 9), excitation class (column 10) and heliocentric distances in kpc (column 11). Alexander & Balick (1997) that show a good agreement with ionic abundances obtained from statistical balance equations. For the helium ions (He + , He ++ ) we used the recombination coefficients from Péquignot et al. (1991) , with the coefficients for He + collisional excitation correction derived by Kingdon & Ferland (1995 In particular, the O + abundance can be derived from two pairs of lines: λ3727+29 and λ7319+30. There is however a systematic difference between the resulting values, with some tendency to higher abundances for the red pair. These differences are shown in figure 2. In this figure, the dashed line is a linear fit for our sample. To explain this difference, observed also by other authors, we raised four alternatives: interstellar extinction, data reduction, electron temperature and density variations, and O ++ recombination.
Ionic abundances
-Interstellar Extinction: one of the factors that could cause this difference is a poor interstellar extinction correction. To check this, we corrected all spectra with two interstellar extinction laws (Fitzpatrick 1999 and CCM 1989) using two extreme values for R V : 2.1 e 5.9. The results do not imply a significant variation of the O ++ abundance in any case. The only possibility to invoke extinction to explain such a difference would be a new, totally distinct interstellar extinction law, which seems unrealistic, since most of the extinction comes from the disk -Data reduction: as the two line pairs are in opposite regions of the spectrum, poor flux calibration could affect the final data. However, it is unlikely that this effect could affect all data. Furthermore, this effect appears also in other, independent works (Stasińska et al. 1998 ).
-Temperature and density variations: this can be an important factor in abundance calculations (Viegas & Clegg 1994) . Regions with high density in the inner part of a planetary nebula contribute to the intensity of λ7319+30, but not to λ3727 (Mathis et al. 1998) . With respect to the density, as the intensity of the [SII] line relative to Hβ depends on the density (Alexader & Balick 1997) , this value will represent preferentially lower density regions, and this effect would be more evident for bulge objects due to their smaller angular sizes. For disk objects, the slit would cover only the central part of a planetary nebula and the effect is not as important as for bulge nebulae.
-Recombination of O ++ : For nebulae with low density and electron temperature, dielectronic recombination of O ++ may play an important role (Rubin 1986 , Aller & Keyes 1987 , leading to differences in the derived ionic abundances. Figure 5 displays a comparison between the O + ionic abundance derived from the blue (3726+29) and the red (7320+30)lines, both for our sample and that from Stasinska et al. (1998) . In the figure, the continuous line is a y=x plot and the dashed line is a linear fit for all the points. As can be seen, there is a small discrepacy between both determinations, with a tendency for higher abundances when the red lines are used. The same effect appears for both samples. As the final explanation is still an open issue, we adopted the blue pair to derive the O + abundance like most of the other works in the literature:
The derivation of sulfur abundance requires both S + and S ++ ions. For those objects where S ++ was not available we adopted the same technique used by Kingsburgh & Barlow (1994) , deriving the S ++ abundance from the 
Elemental abundances
The final abundances are listed in table 4. The objects separated by an horizontal line in the final of table 4 and also in table 3 are those from our Sample 2 (see section 2.1). In the discussion on the abundance distribution (see section 5) we do not include these objects.
Since it is not possible to get the chemical abundances of all ions of a given element, we use the ICF method (Ionization Corrections Factors) to derive the elemental abundances, as in our previous works. For details, see Escudero & Costa (2001) , Costa et al. (1996) and references therein.
The adopted ICF for oxygen and nitrogen are those suggested by ; for sulfur and neon we used the ICF provided by Kingsburgh & Barlow (1994) , except for those objects for which S ++ is not available; in this case we adopted the value derived by the relation given in the last section. For argon we used the ICF provided by Freitas Pacheco et al. (1993) . These ICFs are listed below.
Errors in the physical parameters and chemical abundances
In Escudero & Costa (2001) typical errors were derived through a Monte Carlo simulation, based on the line intensities and their errors, which requires the same exposure time for all measurements. This is not the case for the present work, so we examined the effect of these uncertainties on the abundances. From Escudero & Costa (2001) , we have estimated average errors to the abundances of 0.023, 0.18, 0.17, 0.24 and 0.19, respectively for He, N, O, S and Ar. However, it should be remembered that errors are highly affected by interstellar extinction, in the sense that objects that have higher extinction should have greater errors in the abundances, on the average, depending also on the exposition time and the size of the telescope. Therefore, abundances of bulge objects, that have high extinction, typically have higher errors than disk objects, so that we can estimate the uncertainties in the abundances of bulge nebulae to be roughly 0.2 dex, apart from He/H.
Physical parameters
One of the main error sources in the chemical abundances are the uncertainties in electron temperatures and densities, as discussed previously. Low S/N in weaker diagnostic Table 4 . Chemical Abundances lines, as well as internal variations in the physical parameters certainly affect the final abundances. As discussed in section 3.2, electron densities derived from [SII] can be underestimated since the emissivity of this line depends on density.
Helium
The main factors that affect the helium abundance are the uncertainties in densities and electron temperatures. Depending on these parameters, the correction due to collisional excitation can reach 50%. Therefore, errors in the physical parameters would considerably affect the chemical abundances. The existence of neutral helium would also have an influence on the derived abundances. This was tested on the basis of the criterion proposed by Torres- , according to which objects with log O + /O > -0.4 seem to have a substantial contribution of neutral helium. For this sample, 11 objects fit this criterion, indicating that their derived helium abundance should be taken cautiously.
Abundances from collisionally excited lines
In addition to observational errors and those resulting from the inhomogeneity of the nebulae, the use of ionization correction factors (ICF) to estimate elemental abundances for the elements with collisionally excited lines will include additional error sources.
For nitrogen, O + is used as ICF, and small variations in its abundance will affect the nitrogen abundance. The use of O + 3727 or O + 7325 ionic abundances will imply differences of 0.0 to 0.7 dex in the nitrogen abundance.
The same effect occurs for sulfur, in whose ICF O + is also present. Two observational effects affect the sulfur abundance: the dependence of S + emissivity with density, and the weak intensity of the line [SIII] λ6312, which will result in a poor determination of the S ++ abundance. Therefore, the present sulfur abundances should be taken cautiously.
For oxygen, argon and neon, whose lines are normally intense in planetary nebulae, the main error sources are the uncertainties in the physical parameters.
Data from the literature
To compare our data, we collected objects from 5 recent works in the literature: Stasińska et al. (1998 ), Cuisinier et al. (2000 , Cuisinier et al. (1996) , Samland et al. (1992) and Köppen et al. (1991) . We use only those objects with distances already determined (Schneider & Buckley 1996 , van de Steene & Zijlstra 1995 and Zhang 1995 , and with heliocentric distances greater than 5 kpc.
In figure 7 we show the distribution of chemical abundances of He, N and O from the literature and our data.
The results from the first paper of this series are also shown (solid irregular lines). In order to homogenize the results, we rederived the elemental abundances for those data, using the same ionic abundances but adopting the improvements used here: sulfur ICF from Kingsburgh & Barlow (1994) ; O + abundance derived preferentially from the blue doublet, and S ++ derived acording the procedure described in section 3.2, when necessary.
These results have been obtained using the same instruments and procedures as in the present paper, so that both samples are expected to present a large degree of homogeneity. This fact can be observed in fig. 7 , as the abundance distributions of both samples are similar. Small differences observed at the low end of the He and N abundances can be attributed to the incompleteness of the samples. It can be seen that our abundances show a good similarity to all other data. The nitrogen abundances, that reflect the progenitor mass, show a little more scattering from our objects than the data from literature. This was expected to occur because our objects are more widely distributed in angular position than the literature objects (see Escudero & Costa 2001 ).
Discussion and conclusions
Our results are in agreement with those from other works (see for example Escudero & Costa 2001 , Cuisinier et al. 2000 , indicating that bulge PNe have mean abundances similar to those from disk objects, however displaying higher dispersion. Figure 8 displays the relation between excitation classes and helium abundances (panel a) and oxygen abundances (panel b). The data distribution in panel (a) shows no correlation between the helium abundances and the excitation class; the only exception is that some objects with very low abundances are preferably associated with the lowest excitation classes, which possibly indicates the presence of neutral helium for these objects. On the other hand, the absence of correlation in panel (b) also indicates that our abundance analysis is unbiased with respect to the excitation of the nebulae. Figure 9 displays several abundance correlations for our sample which are distance independent, combined with data from Escudero & Costa (2001) and the literature.
Oxygen and nitrogen are two key elements for the diagnostics of PNe. Due to strong lines, oxygen abundances are normally very well determined, giving the abundance of the interstellar medium at the progenitor formation epoch. It was already noted that more massive, younger objects like type-I PNe progenitors have oxygen abundance lower than the Sun or type-IIa PNe progenitors (see Costa et al. 1996) . The same effect appears in stellar evolution yields (van den Hoek & Groenewegen 1997 , Marigo 2001 , however for the majority of the lower mass stars, oxygen remains unchanged and can be used to trace the chemical evolution of the interstellar medium.
Nitrogen, on the other hand, has two possible origins: it reflects the abundance of the interstellar medium at the progenitor formation epoch, combined with the material produced by nucleosynthesis during the evolution of the (figure 9b), this is less evident. We can see that objects with high N/O can have higher or lower oxygen abundances. Those with higher oxygen abundances are similar to the disk type-I PNe, while those with lower abundances are similar to halo objects. On the other hand, objects with low N/O are usually oxygen-rich, which is consistent with the correlation shown in fig. 9a . Some of these objects may be type-III PNe in the inner disk (see also Maciel 1999) and with the abundances of metal rich bulge giants (Rich 1988) . This dispersion in the abundances suggests that the chemical evolution of the bulge cannot be explained in a single formation scenario, so that a composite scenario is required instead. Another important diagram for the diagnostics of PNe abundances is He x log(N/O), which reflects the chemical enrichment during the stellar evolution of the progenitor. From figure 9c it can be seen that there is a reasonably well defined correlation between He/H and log(N/O), in the sense that helium-rich nebulae are are usually also nitrogen rich, which probably reflects an increasing progenitor mass. A small group of objects apparently have very low He abundances, while their N abundances are normal. This can be explained either by the fact that their progenitor star had smaller masses, which characterizes them as type IIa nebulae, or their He abundances may have been underestimated owing to the presence of neutral helium.
Figures 9d, 9e and 9f display the correlation between the alpha-elements; as they are produced mainly in type II supernovae their correlation reflects the chemical evolution of the interstellar medium from which the progenitor stars are formed. From these figures one can see that lower oxygen abundances imply also lower sulfur, argon and neon abundances.
